Introduction
============

The nucleus, a double membrane--bound compartment that contains the nuclear genome, is the quintessential morphological and functional feature of eukaryotes ([@bib123]). Besides chromatin, the most prominent structure of the nucleus is the nuclear envelope (NE): two bordering membranes with huge nuclear pore complexes (NPCs) that allow molecules to enter and exit the nucleus ([@bib115]). Another obvious feature is the nucleolus, which is the site of rDNA gene expression and ribosome assembly ([@bib85]). Less obvious, hence recognized only recently, is the dynamic and complex internal architecture of the nucleus, conceptually termed the nucleoskeleton, which includes intermediate filaments, actin and titin, and also functions during mitosis ([@bib108]). How did this structural complexity arise?

The small subunit RNA (SSU)--based phylogenetic "tree of life" points to three domains---Bacteria, Archaea, and Eucarya ([@bib125])---all of which have extremely deep origins ([@bib88]), and share overlapping sets of genes. Did these three lineages arise independently from the precellular phase of biological evolution ([@bib88]), or did the eukaryotic precursor arise by merger of bacterial and archaeal cells? The latter possibility is attractive given the compelling genomic evidence for two primary symbiotic events: the endosymbiosis of an alphaproteobacterium that ultimately gave rise to mitochondria, and the endosymbiosis of a cyanobacterium that gave rise to chloroplasts ([@bib75]; [@bib88]). There is also strong phylogenetic and genomic evidence for secondary and tertiary endosymbiosis of plastids in some eukaryotic lineages ([@bib89]). However, in contrast to mitochondria, chloroplasts, and plastids, evidence for the involvement of endosymbiosis in the evolution of the nucleus is sparse or missing.

The early evolution of the eukaryotic lineage remains murky, in large part because the genetic diversity of extant---particularly single-celled---eukaryotes remains unclear ([@bib15]). Indeed, the greatest genetic diversity is seen among microbial (single-celled) eukaryotes ([@bib113]). However as [@bib88] pointed out, genome sequence comparisons of living eukaryotes provide "no evidence whatsoever" as to whether the earliest eukaryotes actually had nuclear membranes or NPCs as morphological features. This simple idea, that the first eukaryotic common ancestor (FECA) lacked nuclear morphology, frees one to consider how specific types of proteins in the FECA might have contributed to the subsequent incremental evolution of nuclear structure present in the last common eukaryotic ancestor (LECA; [Fig. 1](#fig1){ref-type="fig"}). As discussed in this review, new evidence based on the ancestral nature of endomembrane proteins suggests that the eukaryotic endomembrane system coevolved with, or spawned, the nuclear membranes and NPCs, which appear to have been fully functional in the LECA ([@bib87]).

![**Proposed incremental transition from FECA (no nuclear structure) to LECA (nucleus).** The first eukaryotic common ancestor (FECA) is proposed to have lacked nuclear structure. Partitioning of the duplicated genome (yellow/orange) is proposed to be mediated by the polymerization of protein(s) related to bacterial *par* "motors" (blue; e.g., actin; ATPase; tubulin; DNA-binding coiled-coil protein), bound to centromere proteins (red squares). Over significant time, the FECA is proposed to have given rise to the last eukaryotic common ancestor (LECA), a cell with fully functional NPCs (not depicted) and endomembranes ([@bib87]) and, we suggest, a nucleoskeleton that included components involved in genome partitioning. After the LECA, further evolution of nuclear structure followed different pathways as seen in the six living eukaryotic supergroups ([@bib41]; see [Fig. 3](#fig3){ref-type="fig"}).](JCB_201103171_RGB_Fig1){#fig1}

The LECA subsequently gave rise to six major eukaryotic supergroups, each of which includes microbial eukaryotes: Opisthokonts (e.g., fungi, animals, protists), Amoebozoa (e.g., *Dictyostelium*), Excavates (e.g., Trypanosomes, *Giardia*), Chromoalveolates (e.g., *Plasmodium*), Archaeplastids (e.g., plants), and Rhizaria ([@bib41]). Though the most basal branches are somewhat controversial ([@bib98]; [@bib90]), this classification system allows one to compare the genomes of diverse eukaryotes within each supergroup and create inventories of genes encoding known nuclear structure proteins. Comparisons between supergroups can then, in theory, identify core genes inferred as present in the LECA ([@bib52]). However, this approach is currently limited by the lack of annotation of most nucleoskeletal proteins ([@bib108]), and by lack of knowledge about the nuclear membrane protein components in most eukaryotes.

The immense diversity of microbial eukaryotes is not yet reflected in completed genome projects ([@bib14]), which focused overwhelmingly (over 80%) on the Opisthokont (particularly animals and fungi, which lack many genes \["secondarily reduced" genomes\]) and Archaeplastid (plant) lineages. Similarly, most functional knowledge about nuclear structure comes from model systems (animals, fungi, plants) that represent only two of the six eukaryotic supergroups. More sequenced genomes, and nuclear envelope proteomes, from other eukaryotic supergroups will be crucial to understand how nuclei evolved. All eukaryotic lineages are characterized by the loss, gain, expansion, and diversification of gene families ([@bib31]). Thus, the history of nuclear structure after the LECA undoubtedly followed many different paths in the six major eukaryotic lineages. Understanding these differences, and shared features, would give unprecedented insight into the most fundamental aspects of nuclear structure and genome organization, and might also suggest therapeutic molecular targets in parasitic eukaryotes.

Co-evolution of NPCs and endomembranes: The proto-coatomer hypothesis
=====================================================================

Two decades of intensive investigation have yielded a wealth of information about the NPC including its ∼30 constituent proteins (nucleoporins) and their stoichiometry, biochemistry, assembly, and three-dimensional positions within the NPC ([@bib25]; [@bib26]; [@bib120]). This knowledge includes the functions of specific folded domains within each nucleoporin ([@bib22]). Remarkably, the components and structure of one NPC subcomplex (vertebrate Nup107-160 complex) resemble the membrane-bending protein coats that generate vesicles in the secretory and endomembrane pathways ([Fig. 2](#fig2){ref-type="fig"}; [@bib21]). This stunning finding led to the proto-coatomer hypothesis, which suggests that both structures evolved from an ancestral membrane-curving protein(s) ([Fig. 2](#fig2){ref-type="fig"}; [@bib21]; [@bib49]; [@bib17]; [@bib60]).

![**Proposed contributions of membrane proteins to the evolution of nuclear structure.** Different types of proteins are proposed to have contributed to the incremental evolution of nuclear structure including soluble proto-coatomer proteins (aqua), DNA- or chromatin-binding membrane proteins (navy blue), centromere- or *par* system--associated membrane proteins (light purple), homotypic membrane "adhesion" proteins (yellow), and heterotypic membrane adhesion proteins (teal and light green). Blue indicates partitioning proteins (actin, ATPase, DNA-binding coiled-coil protein, tubulin), many of which are components of the nucleoskeleton in living Opisthokonts (see text).](JCB_201103171R_RGB_Fig2){#fig2}

To test the proto-coatomer hypothesis, NPC proteins were purified from the divergent basal Excavate eukaryote *Trypanosoma brucei*, a major human pathogen. Detailed functional knowledge about specific folded polypeptide domains was crucial to identifying Trypanosome nucleoporins because the corresponding Trypanosome genes were unrecognizable by DNA sequence and amino acid comparisons alone ([@bib20]). The Trypanosome NPC proteome suggests conservation of NPC proteins and NPC architecture in the LECA, and supports the proto-coatomer hypothesis ([@bib20]). This hypothesis was significantly extended by an analysis of 60 eukaryotic genomes representing five supergroups, which placed at least 23 and as many as 26 (out of 30) nucleoporins in the LECA ([@bib87]). This conclusion was not affected by the position of the eukaryotic root. Among five known transmembrane nucleoporins, two (gp210, Ndc1) were identified as key components that anchor NPCs to the membrane in all five supergroups. Also conserved in all five supergroups were NPC "basket" nucleoporins Tpr and Nup50; the third basket protein, Nup153, which in vertebrates binds lamins directly ([@bib111]), was conserved in four out of five supergroups ([@bib87]). These conserved proteins, which were likely present in the LECA, have implications beyond NPC structure and function; as discussed in the next section, Tpr and Nup153 also have functions related to chromatin and gene expression.

Which other nuclear structural proteins were present in the LECA?
=================================================================

The presence of apparently functional NPCs in the LECA raises an intriguing question: did this ancestral nucleus have other nuclear structural proteins, and if so, which ones? To answer this question one needs clues about which proteins to look for in diverse genomes. Fortunately, many proteins that might have contributed to the evolution of nuclear structure have emerged from functional studies in Opisthokonts and plants. These proteins of interest include growing numbers of nuclear membrane proteins, which are discussed next, and functionally diverse nucleoskeletal proteins including actin, molecular motors, spectrin repeat proteins, coiled-coil proteins, and nuclear pore complex linked filaments ([@bib108]), which are discussed later in this review.

Nuclear membrane proteins: Uncharted territory
==============================================

Mammals encode large repertoires (likely hundreds) of uncharacterized nuclear envelope transmembrane (NET) proteins ([@bib123]). This unexpected complexity was first revealed in a landmark proteomic study that identified over 60 different NET proteins in purified rat liver cell nuclear envelopes ([@bib106]), and was confirmed and extended by studies in other mammalian cells ([@bib122]). Most nuclear membrane proteins in Opisthokonts are either uncharacterized, or are not yet understood at the level of structural or functional detail that may be needed to identify orthologous genes in diverse eukaryotes. To bypass this problem, at least in part, one could determine the NET proteomes of diverse eukaryotes, and thereby identify specific relevant genes. Further analysis of conserved NET proteins, even in other Opisthokonts, is yielding surprises about nuclear structure. For example, the fungus *Schizosaccharomyces pombe* encodes a nuclear inner membrane protein named Ima1, identified as a potential analogue of mammalian NET5 ([@bib55]). Functional studies show that Ima1 attaches heterochromatin to the NE and (through unknown connections) to microtubules ([@bib55]). The Ima1 protein binds directly to centromeres and telomeres, and its properties suggest that heterochromatin provides a mechanical "nut" that reinforces the NE against forces generated by microtubules ([@bib55]). This is consistent with biomechanical evidence that heterochromatin itself functions as a force-bearing structure ([@bib12]). Nuclear proteins that either mechanically reinforced chromatin, or protected chromatin from force, might have influenced the capacity of cells not only to survive external mechanical challenges, but also to exert force on the outside world ([@bib13]). Thus, the future characterization of conserved NET proteins has the potential to reveal new aspects of nuclear structure in living eukaryotes, as well as new principles about how this structure evolved.

Sticky membrane proteins help stabilize the envelope.
-----------------------------------------------------

We propose that membrane proteins with "adhesive" extracellular domains contributed to the evolution of nuclear structure by stabilizing the parallel organization of curved or infolded plasma membranes ([Fig. 2](#fig2){ref-type="fig"}). This idea is based on the discovery of Opisthokont nuclear membrane proteins that mediate adhesion either homotypically (between two or more copies of one protein) or heterotypically (between distinct proteins). Note that the lumenal domains of membrane proteins face a compartment that is topologically equivalent to the outside of the cell. The lumenal domains of yeast transmembrane protein Pom152 (potential vertebrate orthologue: gp210) are predicted to self-interact via a cadherin fold ([@bib22]). This fold is characteristic of the extracellular domains of certain cell surface proteins (e.g., cadherins) and mediates homotypic adhesion to neighboring cells ([@bib29]). Although cadherin fold--containing nuclear membrane proteins have so far been seen only in Opisthokonts, other types of adhesive domains are widely conserved. For example, Pom121, a conserved NPC membrane protein, is recruited to chromatin by the DNA-binding nucleoporin ELYS and the Nup107-160 complex ([@bib59]). These interactions somehow trigger adhesive Pom121-mediated fusion of parallel membranes to create new pores ([@bib26]). In addition to this evidence for homotypic adhesion, there is growing evidence that certain nuclear membrane proteins mediate adhesion heterotypically.

At least three types of NE membrane proteins are required for the parallel organization of the inner and outer nuclear membranes. One family consists of the inner membrane protein lamina-associated polypeptide 1 (LAP1) and a related outer membrane protein, LULL1, which interact via their large lumenal domains in conjunction with soluble lumenal proteins named torsinA and torsinB ([@bib86]; [@bib117]; [@bib53]). Because LAP1 and LULL1 are related, their adhesion might be considered homotypic. By contrast, two other adhesive families, consisting of KASH domain proteins and SUN domain proteins, interact heterotypically via their lumenal domains ([@bib10]; [@bib114]). KASH and SUN domain proteins also have additional domains that mediate either self-interaction or direct binding to specific cytoskeletal proteins, nucleoskeletal proteins, or NE membrane proteins ([@bib123]). Although the experimental picture is far from complete, current evidence suggests KASH domain and SUN domain proteins form a variety of mechanically robust adhesion complexes at the NE, termed LINC complexes (links the nucleoskeleton and cytoskeleton; [@bib10]), some of which are essential for chromosome pairing during meiosis and sexual recombination ([@bib30]; [@bib44]). In our limited search, the SUN domain was detected in every tested supergroup ([Fig. 3](#fig3){ref-type="fig"}, [Table I](#tbl1){ref-type="table"}). This strongly suggests the LECA had a SUN domain protein. By contrast, we found the KASH domain only in Opisthokonts ([Fig. 3](#fig3){ref-type="fig"}, [Table I](#tbl1){ref-type="table"}). The potential presence of a KASH domain protein in the LECA cannot presently be ruled out. However, if SUN domain proteins are indeed more ancient, they might also serve ancient (KASH-independent) roles. These roles might involve NPCs ([@bib68]) because SUN1 has an early role in NPC assembly ([@bib116]). SUN domain proteins also interact with meiotic telomeres, histone H2A.Z, and couple the nucleus to the microtubule-organizing center ([@bib44]; [@bib36]). These findings support the idea that membrane proteins, including adhesive membrane proteins, influenced the evolution of nuclear structure.

![**Identifying nuclear membrane proteins in diverse eukaryotes.** Representatives of five eukaryotic supergroup lineages, queried by BLAST search for potential conservation of open reading frames (ORFs) related to Opisthokont nuclear membrane proteins. Chart indicates whether an ORF(s) homologous to each queried polypeptide was detected (+) or not detected (−) in completed genomes of representative supergroup lineages (Opisthokonts, Amoebozoa, Archaeplastida, Chromalveolates, and Excavates) in GenBank using reciprocal BLAST with e-values \> 0.01, as detailed in [Table I](#tbl1){ref-type="table"}. ORFs homologous to LUMA and nurim are also present in various bacterial lineages (not depicted). The specific evolutionary relationships between each supergroup and the last eukaryotic common ancestor (LECA) are controversial, as reflected by the lack of specific branching order between these groups. However, the detection of a nuclear-associated homologue (e.g., SUN domain, or LUMA) in more than two supergroups might suggest the homologue was present in the LECA. Negative results are not definitive; for example, we did not recover the *S. cerevisiae* LEM ("HEH") domain protein Src1 (see next page). The species *M. brevicollis* and *C. owczarsaki* represent the Protist lineage within Opisthokonts and are distantly related to Fungi and Animals.](JCB_201103171_GS_Fig3){#fig3}

###### 

ORFs in diverse eukaryotes that possess conserved nuclear membrane protein domains

  Species                       SUN domain (PF07738)                                                                                                                                                                 LUMA (DUF1625)                                                                                                                                                                                                                                   LEM domain (PF03020)                                                                                                                                               KASH (PF10541)                                                                                                                                                                                                                                                                                                                     Nurim
  ----------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ ------------------------------------------------------------------------------------------------------------------------------------------------------------------ ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------
  *Homo sapiens*                [NP_001165415](NP_001165415), [NP_079430](NP_079430), [NP_001186508](NP_001186508), [NP_056189](NP_056189), [NP_689995](NP_689995), [NP_542406](NP_542406), [NP_003107](NP_003107)   [NP_077310](NP_077310)                                                                                                                                                                                                                           [NP_001161086](NP_001161086), [NP_055134](NP_055134), [NP_001001552](NP_001001552), [NP_001185979](NP_001185979), [NP_851853](NP_851853), [NP_055929](NP_055929)   [NP_892006](NP_892006), [NP_149062](NP_149062), [NP_878914](NP_878914), [NP_689805](NP_689805), [NP_878918](NP_878918), [NP_055995](NP_055995), [NP_878917](NP_878917),                                                                                                                                                            [NP_009174](NP_009174)
  *Drosophila melanogaster*     [NP_610240](NP_610240), [ABQ08586](ABQ08586)                                                                                                                                         [NP_648162](NP_648162)                                                                                                                                                                                                                           [ABY20424](ABY20424), [NP_609281](NP_609281), [NP_610099](NP_610099)                                                                                               [NP_001188695](NP_001188695), [AAO42670](AAO42670), [NP_001188694](NP_001188694), [NP_001188696](NP_001188696), [AAN60444](AAN60444), [NP_001188697](NP_001188697), [AAM11072](AAM11072), [AAN35199](AAN35199), [NP_001097463](NP_001097463), [NP_001097462](NP_001097462), [NP_001036576](NP_001036576), [NP_523873](NP_523873)   [NP_650646](NP_650646)
  *Caenorhabditis elegans*      [NP_001024707](NP_001024707), [NP_506281](NP_506281)                                                                                                                                                                                                                                                                                                                                                                                  [NP_490907](NP_490907), [NP_496944](NP_496944), [NP_492539](NP_492539)                                                                                             [NP_491353](NP_491353)                                                                                                                                                                                                                                                                                                             
  *Nematostella vectensis*      [XP_001632145](XP_001632145)                                                                                                                                                         [XP_001622563](XP_001622563), [XP_001626986](XP_001626986)                                                                                                                                                                                       [XP_001638261](XP_001638261)                                                                                                                                                                                                                                                                                                                                                                                                                                                                          
  *Monosiga brevicollis*        [XP_001747062](XP_001747062)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                
  *Capsaspora owczarzaki*       [EFW43369](EFW43369)                                                                                                                                                                 [EFW40407](EFW40407)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   [EFW41164](EFW41164)
  *Saccharomyces cerevisiae*    [NP_012515](NP_012515)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      
  *Neurospora crassa*                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
  *Schizosaccharomyces pombe*   [NP_595947](NP_595947)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      
  *Dictyostelium discoideum*    [XP_644924](XP_644924)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      [XP_636885](XP_636885)
  *Entamoeba histolytica*                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   
  *Arabidopsis thaliana*        [NP_196118](NP_196118), [NP_566380](NP_566380)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              
  *Chlamydomonas reinhardtii*                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               
  *Thallasiosira pseudonana*    [XP_002288849](XP_002288849)                                                                                                                                                         [XP_002296785](XP_002296785)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
  *Phytophthora ramorum*        [XP_002997929](XP_002997929)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                
  *Paramecium tetraurelia*                                                                                                                                                                                           [XP_001461995](XP_001461995), [XP_001425037](XP_001425037), [XP_001441689](XP_001441689), [XP_001453417](XP_001453417), [XP_001444222](XP_001444222), [XP_001425204](XP_001425204), [XP_001428586](XP_001428586), [XP_001425039](XP_001425039)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         
  *Plasmodium falciparum*       [XP_001350555](XP_001350555)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                
  *Trypanosoma brucei*                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      
  *Naegleria gruberi*           [XP_002675222](XP_002675222)                                                                                                                                                         [XP_002683403](XP_002683403)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
  *Trichomonas vaginalis*                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   
  *Giardia intestinalis*        [EES98800](EES98800)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

Search results for selected nuclear protein ORFs in representatives of five eukaryotic supergroup lineages, listing genes or ORFs homologous to each queried polypeptide that were detected in completed genomes of representative supergroup lineages (Opisthokonts, Amoebozoa, Archaeplastida, Chromalveolates, and Excavates) in GenBank using reciprocal BLAST with e-values \> 0.01. This method detected ORFs representing four of the seven known human LEM domain genes, and is therefore quite stringent. Multiple ORFs, for example LUMA-related ORFs in *Paramecium*, were not annotated so the number of encoding gene(s) remains to be determined.

Membrane proteins that bind chromatin or nucleoskeletal partner(s).
-------------------------------------------------------------------

The evolution of nuclear structure may have been strongly influenced by membrane proteins capable of binding to DNA or chromatin proteins ([@bib124]). One such family of proteins in metazoans has a characteristic "LEM domain" fold, first identified in LAP2, emerin, and MAN1 ([@bib65]; [@bib57]; [@bib119]). In fact, the first of two LEM domains in LAP2 confers direct binding to dsDNA ([@bib5]). Other tested LEM domains confer binding to barrier-to-autointegration factor (BAF), a conserved metazoan protein that also binds directly to dsDNA, histone H3, and lamins ([@bib74]; [@bib81]), and influences histone posttranslational modifications ([@bib82]). LEM domain proteins have other domains that bind one or more components of the nucleoskeleton, or various signaling or gene-regulatory proteins ([@bib119]; [@bib123]). The LEM domain protein emerin also binds KASH domain and SUN domain proteins directly ([@bib108]), and somehow couples mechanical force to downstream changes in gene expression, a phenomenon known as mechanotransduction ([@bib58]). Vertebrate nuclei also express a specialized nonmembrane LEM domain protein named LAP2α that interacts with itself (as trimers), lamin A, chromatin, and telomeres, and is required to organize A-type lamins in the nuclear interior ([@bib112]; [@bib39]; [@bib19]). Yeast, which lack lamins and BAF, nevertheless encode a LEM domain ("HEH" domain) inner nuclear membrane protein named Src1, which associates with and represses telomeric, subtelomeric, and rDNA genes ([@bib40]). Interestingly, Src1 also functions during mitosis; cells that lack Src1 have shorter anaphase and longer telophase ([@bib97]). Both the LEM domain fold ([@bib5]) and a conserved C-terminal "MSC" (MAN1--Src1p--C-terminal) domain shared by Src1 and human MAN1 ([@bib73]) are conserved in bacteria and may function to bind nucleic acids. Among eukaryotes, our limited search detected LEM domain--related ORFs only in Opisthokonts ([Fig. 3](#fig3){ref-type="fig"}, [Table I](#tbl1){ref-type="table"}). However, previous more extensive alignments found proteins with both features (LEM/HEH domain; MSC domain) in all tested eukaryotic supergroups, suggesting the LECA had a LEM domain protein ([@bib73]).

The nurim protein has four membrane-spanning domains (and little else). This protein localizes at the nuclear inner membrane through unknown mechanisms because it shows no detectable binding to NPCs, lamins, or other intranuclear components ([@bib99]). Nurim is proposed to function in a pathway that sorts newly synthesized nuclear membrane proteins past the NPC to the inner membrane ([@bib54]; [@bib3]). Our search revealed nurim-related ORFs in two eukaryotic supergroups ([Fig. 3](#fig3){ref-type="fig"}). Suggesting potentially ancient origins, a previous study ([@bib73]) grouped nurim in a protein superfamily that includes the mammalian inner nuclear membrane protein LBR (a sterol reductase; [@bib48]) and related enzymes in bacteria.

The LUMA protein (encoded by *TMEM43*) crosses the nuclear inner membrane four times, has a large uncharacterized lumenal domain, associates with SUN2, lamins, and emerin, and forms homo-oligomers ([@bib2]; [@bib64]). LUMA oligomerization is disrupted by a mutation that causes Emery-Dreifuss muscular dystrophy ([@bib64]). LUMA is conserved in three eukaryotic supergroups ([Fig. 3](#fig3){ref-type="fig"}) and notably also in bacteria ([@bib2]), suggesting LUMA might have been present in the LECA. The idea that LUMA, LEM domain proteins, nurim, and likely other nuclear membrane proteins have potentially ancient roles in nuclear structure and function will make it even more interesting to decipher their roles in living eukaryotes.

Actin and myosins: Ancient components of nuclear structure?
===========================================================

Eukaryotic actin and actin-dependent motors (myosins) are well known cytoskeletal components relevant to cell motility, and their evolutionary significance is nearly always discussed exclusively in these terms ([@bib31]). Less appreciated are their fundamental and potentially ancient roles in nuclear structure and genome function. Polymerizable actin and myosins are involved in transcription by all three DNA-dependent RNA polymerases, mediate RNA export from the nucleus, and are required for the long-range movement of specific loci within the nucleus ([@bib37]; [@bib45]; [@bib78]; [@bib110]). At least six different myosin motors ([@bib92]; [@bib102]; [@bib46], [@bib47]; [@bib118]; [@bib6]; [@bib93]; [@bib67]) and four different kinesin motors ([@bib72]; [@bib62]; [@bib76]; [@bib128]; [@bib11]; [@bib132]) are present in animal nuclei, with roles that include transcription, intranuclear movement of chromatin, or export along pore-linked filament networks that connect the nucleolus to NPCs ([@bib108]). Myosin I motors are conserved in diverse eukaryotes ([@bib28]; [@bib47]) including the basal Excavate *Naegleria gruberi* ([@bib38]), which has six myosin I homologues ([@bib31]). Which (if any) *Naegleria* myosins actually function in the nucleus is unknown.

Other nucleoskeletal proteins include nuclear mitotic apparatus (NuMA; interphase roles unclear, but self-assembles into 3D space-filling structures; [@bib42]; [@bib95]), nuclear spectrins (e.g., αII-spectrin scaffolds DNA repair complexes; [@bib129]; [@bib131]), and nuclear protein 4.1 (binds NuMA; associates with pore-linked filaments; helps organize the nucleoskeleton and several NE membrane proteins; [@bib79]; [@bib108]). Indeed, the ancestral spectrin-repeat protein is proposed to have functioned in the nucleus ([@bib129]). Nuclear titin can bind directly to nuclear intermediate filament proteins ([@bib130]), and is essential for chromosome condensation during mitosis ([@bib71]; [@bib70]; [@bib134]). Proteins such as actin, myosins, NuMA, spectrins, and titin were only recently recognized as having fundamental roles in nuclear structure and genome function in living eukaryotes ([@bib108]), and for historical reasons their roles in the nucleoskeleton remain largely un-annotated. Kinesins, of which the LECA is proposed to have possessed ∼11 ([@bib121]), are also present in the nucleus ([@bib108]). Nuclear kinesins associate with chromatin, and one (Kif4A) is involved in the response to DNA damage ([@bib128]); otherwise, little is known about their nuclear functions.

Coiled-coil nucleoskeletal proteins
===================================

DNA-binding coiled-coil nucleoskeletal proteins are present in two multicellular lineages, animals (Opisthokonts) and plants (Archaeplastids), but evolved independently. In the case of animals, these proteins (lamins) comprise the ancestral intermediate filament ([@bib94]) from which cytoplasmic intermediate filaments later evolved. Nuclear intermediate filaments (lamin filaments) are major structural components of the animal nucleoskeleton, with genetic links to a variety of human diseases ([@bib24]). Lamins support or influence nearly every aspect of genome biology, including replication, transcription, signaling, development, and chromosome organization ([@bib94]; [@bib18], [@bib19]; [@bib123]). All metazoans have one or two genes encoding "B-type" lamins, whereas complex animals (insects, vertebrates) have an additional gene encoding an independent network of "A-type" lamin filaments required for the physiology of many exquisitely mechanosensitive cell types such as muscle and bone ([@bib13]). Other known coiled-coil structural proteins in Opisthokonts include the conserved NPC basket protein Tpr ([@bib56]) and Smc (structural maintenance of chromosomes; [@bib126]). In multicellular animals, where active genes can be located deep within the nucleus, Tpr and related proteins are proposed components of nucleoskeletal pore-linked filaments that connect NPCs to active genes and the nucleolus, and facilitate actin- and myosin-dependent export from the nucleus ([@bib108]). In yeast, which have smaller nuclei, active genes are tethered to the NPC via direct binding of conserved promoter elements (e.g., "DNA zip codes"; [@bib1]) to specific nucleoporins ([@bib7]; [@bib51]). Whether other eukaryotic supergroups have pore-linked filament networks is unknown.

Higher plants lack intermediate filaments ([@bib100]), but do have functionally analogous filaments including those formed by the dsDNA-binding coiled-coil protein MPF1 ([@bib104]; [@bib27]; [@bib77]). Thus, genes encoding different major coiled-coil nucleoskeletal proteins are proposed to have arisen independently, after the LECA, in the Opisthokont and Archaeplastid lineages. These genes may have profoundly influenced genome organization and nuclear structure because they correlate with the emergence of multicellular organisms.

Proposed impact of genome tethering to the cell membrane
========================================================

Evolution clearly favored the stabilization of positively curved and negatively curved membranes by proto-coatomer proteins ([@bib21]) and ESCRT proteins ([@bib105]), respectively. However, these molecules do not account for the fundamentally genome-associated nature of NPCs, or their intimate roles in mitosis and chromosome segregation. For this reason we suggest that the transition from FECA to LECA was driven, in part, by several types of membrane proteins. Among the earliest, we propose, were those that bound DNA or chromatin and thereby tethered the genome to the cell membrane. Stable tethering of relatively dense chromatin would have imposed a mechanical load on the cell membrane ([Fig. 2](#fig2){ref-type="fig"}). This load might have had little effect on membrane curvature in cells with strong membrane attachments to an external cell wall. By contrast, in cells with weaker external reinforcement (e.g., FECA and perhaps the precursor of planctomycetes bacteria, which enclose their genome within a nucleus-like structure; [@bib33]), the chromatin-loaded membrane might have become extensively infolded, threatening cell structure and potentially interfering with chromosome segregation or cell division. We therefore suggest that the incremental molecular evolution of nuclear envelope and nucleoskeletal structure was tightly coupled to the evolution of chromosome segregation and mitosis. This idea is supported by evidence from living eukaryotes that many NPC and nucleoskeletal proteins are essential for chromosome segregation and mitosis, as discussed in the next section. In parallel, we suggest there was strong positive selection, both for adhesive proteins that stabilized and mechanically reinforced the structure of infolded membranes ([Fig. 2](#fig2){ref-type="fig"}) and for fusogenic proteins that prevented infolded membranes from interfering with mitosis.

Was evolution of the NPC/nucleoskeleton coupled to chromosome segregation and mitosis?
======================================================================================

There is growing evidence that nucleoporins contact active genes, organize heterochromatin, and couple mRNA synthesis to nuclear export ([@bib115]; [@bib63]). Opisthokont nucleoporins are also emerging as central players in mitosis, involved in chromosome condensation and sister chromatid cohesion ([@bib84]), kinetochore assembly ([@bib103]; [@bib96]; [@bib101]), regulation of microtubule-dependent motors (basket protein Tpr; [@bib83]), regulation of microtubule polymerization at kinetochores ([@bib80]), mitotic checkpoint regulation ([@bib16]; [@bib69]; [@bib127]), and spindle assembly ([@bib84]). These findings strongly suggest NPCs evolved not merely as "portals", but as membrane-tethered structural hubs for the genome and mitosis.

Similarly, the textbook picture of mitosis, in which chromosomes are segregated primarily by spindle microtubules, is incomplete. A separate space-filling structure, the spindle "matrix" with proposed elastic hydro-gel properties, is now known to support the spindle ([@bib133]; [@bib50]). This matrix includes both mitotically reorganized nucleoporins (e.g., Tpr; [@bib23]; [@bib66]) and nucleoskeletal proteins (e.g., NuMA, B-type lamins; [@bib108]). Intriguingly, chromosome segregation in oocytes is driven by the contraction of a nuclear actin network ([@bib61]). Similarly in yeast, chromosome segregation can occur in the absence of spindle microtubules through a nuclear fission process that requires actin ([@bib8]). These findings reveal actin and potentially other components of the Opisthokont nucleoskeleton in a new light: as genome-partitioning proteins. Was chromosome segregation (mitosis) a driving force in the evolution of the nucleoskeleton?

The idea that the nucleoskeleton evolved from ancient genome-segregating proteins is supported by the conservation of many related proteins as components of genome partitioning ("*par*") systems in bacteria. Bacterial partitioning is best understood for plasmids, and involves three simple components: a repeated DNA sequence (centromeric DNA), a centromere-binding protein, and an associated force-generating ("motor") protein that separates the two centromeres by forming polymers ([@bib107]). Of these components, only the motors---four kinds---are significantly conserved. Most bacteria use a motor with a Walker-type ATPase motif (type I *par* system) or an actin/hsp70 superfamily protein (type II; [@bib107]). Other bacteria use a tubulin/FtsZ GTPase superfamily protein (type III) or an unusual (type IV) protein that is predicted to form coiled-coil polymers and also has a predicted DNA-binding domain, potentially uniting both the centromere-binding and motor functions in a single polypeptide ([@bib109]; [@bib107]). Eukaryotes express proteins related to potentially all four bacterial *par* motors. Actin is both a major component of the interphase nucleoskeleton (as discussed earlier) and essential for chromosome segregation ([@bib8]). The Smc family of Walker-type ATPases are conserved in all living cells ([@bib43]). Tubulin forms intranuclear microtubules in eukaryotes with "closed" mitosis, or "spindle matrix-associated" microtubules in eukaryotes with open mitosis, and is mitotically regulated by nucleoporins. Less clear is whether any nucleoskeletal protein(s) are related to coiled-coil (type IV *par*) proteins, but candidates include lamins, Tpr, and Smc. Interestingly, certain nuclear membrane proteins also appear to function during mitosis: Samp1, a nuclear inner membrane protein, colocalizes with the mitotic spindle ([@bib4]).

Concluding remarks
==================

The "conserved protein fold" strategy, coupled to purification of NPCs from diverse eukaryotes, yielded brilliant insight into the early coevolution of NPCs with endomembranes ([@bib20]). Further explorations of nuclear transmembrane and nucleoskeletal proteins purified from diverse eukaryotes may yield fascinating insights into the LECA nucleus, and the human cell nucleus. Current limitations include lack of knowledge about most Opisthokont nuclear membrane proteins, and a paucity of sequenced genomes from diverse eukaryotes. Genome analysis of the free-living predatory amoebo-flagellate *Naegleria gruberi*, which diverged from other eukaryotic lineages over a billion years ago, reveals a rich repertoire of proteins involved in cell structure, signaling, metabolism, and sexual recombination ([@bib31]). This organism has a typical-appearing nucleus and can be cultured in the laboratory ([@bib35]; [@bib32]). *Naegleria*, other diverse Excavates including *Giardia* and *Trypanosoma*, and laboratory-friendly members of other eukaryotic supergroups including Amoeba (*Dictyostelium*) and Archaeplastids/Plants (*Chlamydomonas*) are all available to explore the evolution of nuclear structure. Additional clues to the early evolution of nuclear structure, whether independent or based on shared genes, may come from an unlikely source: planctomycetes bacteria, which enclose their genome within a double membrane, express a clathrin-related protein, and have an endocytosis-like pathway ([@bib34]; [@bib33]). It will be exciting to understand how different kinds of proteins and possibly other types of molecules including noncoding RNAs ([@bib91]) and ADP-ribose chains ([@bib9]) might have shaped the evolution of nuclear structure before the LECA, and to this day.
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